management of dysarthria. Current findings call for further research on a familiarization protocol that can subserve segmental learning with maximum efficacy.
Introduction
Familiarization, a method by which listeners receive a brief exposure to atypical speech, has demonstrated potential as an intelligibility enhancement technique for speakers with dysarthria. The majority of familiarization studies in dysarthria reported that naïve listeners improved their ability to understand the speech when they underwent a familiarization phase prior to intelligibility assessments compared to nonfamiliarized listeners [1] [2] [3] [4] [5] [6] [7] [8] [9] . Two studies [10, 11] , however, reported no significant effect of familiarization, which appears to be due to the methods employed. Unlike all other studies, Yorkston and Beukelman [10] employed experienced listeners who might have already reached their ceiling point. Garcia and Cannito [11] used a passive familiarization method -that is, listeners were presented only with an audio signal of dysarthric speech -while other studies used an active familiarization condition in which listeners were familiarized both with an audio signal and a written transcript. According to Borrie et al. [2] and Kim and Nanney [5] , an active familiarization condition yielded more robust intelligibility gains than passive familiarization, suggesting that the passive familiarization condition used by Garcia and Cannito [11] was not sufficiently effective to improve intelligibility. Another type of familiarization method was tested in Hustad and Cahill [4] , in which listeners underwent 4 repeated experimental tasks with no explicit familiarization. Listeners exhibited improvements in intelligibility, but the point at which the benefit of familiarization became significant was influenced by the severity of speakers.
Familiarization effects have been evidenced not only with dysarthria but also with a variety of atypical speech: e.g., nonnative-accented speech [12] [13] [14] , speech produced by individuals with hearing impairment [15] [16] [17] , and artificially created or altered speech such as synthesized voice, noise-vocoded speech, and time-compressed speech [18] [19] [20] [21] [22] [23] [24] [25] . These recurring observations of familiarization effects in the field of speech perception underscore the flexibility of speech perception and point to a cognitive-perceptual process, termed perceptual learning, which listeners engage when they are faced with atypical speech. By this process, listeners are capable of recognizing speech that sounds deviant from what they know as normal and can recalibrate existing categories, with the result of an improved ability to understand atypical speech that was initially difficult to perceive [26, 27] . Aiming to evaluate the potential rehabilitative gain through familiarization in dysarthria, researchers have shown growing interest in exploiting perceptual learning mechanisms as a foundational principle for developing an optimal protocol of familiarization [3] .
In order to understand the mechanisms that underlie familiarization-induced perceptual learning, it is essential to investigate the learning sources and the factors that facilitate or impede the learning. As speech perception is a complex process involving interactions among numerous paralinguistic and linguistic features, attempts have been made to factor out the relative benefits of various features in familiarization-induced perceptual change. There is evidence that a paralinguistic feature such as a speaker's voice plays a key role in perceptual processing of speech in noise [28, 29] , noise-vocoded speech [30] , and dysarthric speech [31] . In addition, the benefit of prosodic information in perceptual learning is supported by studies of time-compressed speech [24, 25] , while a conflicting finding has been reported [8, 9] in which the presence of sentence-level prosody in paragraphs did not result in higher intelligibility scores compared to the isolated word condition.
Segmental benefits in perceptual learning have also been discussed in many studies. A postulation is shared in the field that the source of perceptual benefit in improved word intelligibility is primarily at the segmental level of perceptual reorganization by which listeners adjust the mapping between acoustic-phonetic information and the phonemic representation in the language [3, 18, [32] [33] [34] . Changes in listeners' segmental perception after familiarization training have been reported for vowels in nonnative speech [35, 36] , and for consonants in synthesized speech [18] and in normal, native speech [37] [38] [39] . Indirect support can be found concerning dysarthric speech in Liss et al. [6] , who examined lexical boundary errors for familiarized versus nonfamiliarized listeners. A major finding was that two listener groups did not differ in terms of the lexical boundary error types, although familiarized listeners exhibited improved word intelligibility compared to nonfamiliarized listeners. The investigators concluded that the intelligibility improvement could not be attributed predominantly to prosodic knowledge of strong/weak syllables, but rather to improved performance at the segmental level [6] . Borrie et al. [2] and Spitzer et al. [7] extended support for the segmental benefits of familiarization based on the finding that the familiarized listeners showed more word substitution errors that bore phonemic resemblance to the target compared to nonfamiliarized listeners.
While the above studies in dysarthria indicated the possible segmental benefits of familiarization, it should be noted that speech perception is an interactive process involving the bidirectional contribution of bottom-up (low-level acoustic) and top-down (high-level lexical or semantic) flow of information to phoneme categorization [3, 27] . In particular, lexical knowledge aids phoneme identification, especially when the signal is degraded [27, 40] . Therefore, interpretation of results drawn from word transcription tasks warrants caution, unless the transcription tasks used non-words [as in 18 , 35-39 ] . As Francis et al. [18] stated, investigation is needed to determine whether perceptual adjustments are made at a lexical level or at a segmental level, to discover how listeners can best be trained to understand atypical speech.
The purpose of this current study is to investigate the effects of familiarization on consonant intelligibility in dysarthria using naïve listeners. Unlike prior studies that assessed segmental benefits of familiarization in dysarthria based on word transcription tasks that require lexical decision, this study conducted a direct measure of consonantal intelligibility based on isolated consonant identification tasks. This is our second study in a series that explores familiarization effects on dysarthric speech intelligibility secondary to cerebral palsy. In the first work [5] , active familiarization exhibited intelligibility improvement at the word level. This current study examines whether a familiarization effect is manifest also at the segmental level. As in our previous study [5] , speaker-specific familiarization was investigated through 4 familiarization phases as well as a 1-month delayed test, comparing three experimental groups of naïve listeners: a passive-familiarization group (audio only, no written transcript), an active-familiarization group (audio plus written transcript), and a no-explicit-familiarization group. The no-explicit-familiarization group was similar to the experimental group in Hustad and Cahill's study [4] , in that this group did not receive any separate familiarization training and only underwent 4 sequential tasks. As discussed in Hustad and Cahill [4] , it was not clear how much of the observed effect was actually due to familiarization with the speech rather than familiarization with the experimental tasks because their experimental design did not include comparison groups. Inclusion of the three groups in the current investigation allows examination of whether an additional effect in passive and/or active groups exists, compared to the noexplicit-familiarization group. If the degree of consonant intelligibility enhancement turns out to be greater in the passive and/or active groups compared to the no-explicit-familiarization group, the extra gain is due to the familiarization condition that was available only for these groups. Similarly, if we find extra gains in the active groups compared to the passive group, it would be clearly due to the presence of written materials as a supplement to the audio signal.
Findings in this study will contribute to improved understanding of perceptual learning sources. In addition, findings will be instructive in terms of the clinical utilization of familiarization for dysarthria management. The following research questions were addressed: (1) does familiarization improve consonant intelligibility in dysarthric speech?, (2) does the gain size in consonant intelligibility vary depending on familiarization condition?, and (3) are familiarization effects on consonant intelligibility retained long-term?
Materials and Methods

Speakers
Speakers were 4 American-English native speakers diagnosed with cerebral palsy. Among the 4 speakers, 3 speakers were the same as in our first work on word intelligibility [5] . One female speaker was replaced with a new female speaker because her production errors were mostly in vowels. All 4 speakers were a part of the Universal Access (UA) corpus, which was developed as a resource for developing automatic speech recognition systems for dysarthric speech [41] . The overall intelligibility levels of the speakers were estimated based on naïve listeners' single word transcription tasks: 5 listeners were assigned to each speaker, each listener transcribed 225 words, and the percentage correct was then averaged across the 5 listeners to yield each speaker's intelligibility. All 4 speakers had intelligibility scores in the moderate range, to avoid possible ceiling and floor effects. Their age, gender, and intelligibility were as follows: Speaker 1 (58; male; 28%), Speaker 2 (18; male; 39%), Speaker 3 (21; male; 59%), and Speaker 4 (18; female; 62%). All 4 speakers were from northern or central Illinois. Three speakers (Speakers 1, 2, and 3) had spastic dysarthria, and 1 speaker, Speaker 4, had athetoid dysarthria.
Listeners
Listeners were recruited using the following criteria: (a) native speakers of American English, (b) between 18 and 40 years old, (c) no identified language, learning, or cognitive disability per selfreport, (d) no more than incidental experience with persons with speech disorders, (e) grew up in the North Midland dialect region, and (f) passed a hearing screening at 20 dB for 250, 500, 1,000, 2,000, 4,000, 6,000, and 8,000 Hz. Thirty listeners were assigned to each speaker and were divided randomly into 3 groups of 10. Group A was familiarized using only the audio signal (passive familiarization), Group B was familiarized using both the audio signal and a written transcript (active familiarization), and Group C received no explicit familiarization (controls).
Stimuli
The stimuli were constructed from the UA database [41] . Two sets of stimuli were constructed: one for familiarization phases and one for consonant identification tasks. The stimuli for the familiarization phase were real words in American English and consisted of a speaker's 2 different productions of 32 distinct words, yielding a total of 64 tokens per speaker. The 16 consonants of interest, /p, b, t, d, k, g, m, n, s, z, ∫, h, l, r, w, j/, all occurred in the word initial position. Each consonant occurred in 4 words (2 different productions of 2 distinct words), permitting a balanced number of consonants (16 consonants × 4 = 64 words). All words were mono-or bisyllabic and had lexical stress on the first syllable, controlling possible confounding effects of linguistic complexity and lexical stress. Peak amplitude of each stimulus was normalized to a level of 69 dB SPL.
For consonant identification tasks, consonant stimuli were excised from whole words. The whole words that consonants were spliced from included the same 32 words as the familiarization stimuli, but from different productions by the same speaker. In addition, 31 novel words that were not used in familiarization provided consonant stimuli, resulting in a total of 63 identification stimuli: 63, instead of 64, were constructed since there were only 3 /z/ tokens in the database that satisfied the criteria listed above. Each consonant occurred 4 times, except /z/, which occurred 3 times. Consonant stimuli included the consonant interval and 50 ms of the following vowel, and they were extracted using Praat [42] . 248 Procedure Experiments took place in a sound-treated room. Listeners were seated directly in front of a laptop computer in which a custom-built experimental interface was run to play stimuli and collect listeners' transcriptions. Audio recordings of stimuli were presented via a loudspeaker approximately 2 feet away from the listeners. The peak output level of stimulus material was approximately 67 dB from where listeners were seated. Listeners participated in 3 experimental sessions over a 6-week period. Before starting each day of the experiment, listeners completed a practice round to get acquainted with the experimental interface and procedures. Listeners were informed that they would hear the recordings of speech produced by a single individual with a speech disorder. They were also told that all words would be real words in American English and that all consonants were excised from the initial position of the real words. Listeners completed both word transcription and consonant identification tasks on the same day, but since the focus of this study is on consonant intelligibility, described below are mainly the procedures of familiarization and consonant identification tasks.
During Session 1 (pre-familiarization test), all listeners completed one round of consonant identification tasks. They listened to one of the consonants in American English (annotated on the screen as p, b, t, d, k, g, m, n, s, z, sh, h, l, r, w, y ) and were asked to click the appropriate consonant button matching what they thought the speaker produced. Stimuli were presented one at a time and only once. One week later, listeners returned for Session 2 to complete 4 rounds of identification tasks. Before they performed each round of identification task, listeners in Group A (passive familiarization) had a familiarization phase in which they heard a series of 64 words produced by their assigned speaker. Listeners in Group B (active familiarization) heard words while reading a corresponding orthographic representation of the target word on the computer screen. Listeners in Group C (controls) received no familiarization phase. Approximately one month after Session 2, listeners returned to complete Session 3 (long-term, delayed test) that consisted of the same tasks as in Session 1.
Analysis
Identified consonants were scored as either correct or incorrect, and the percentage of correct responses per listener was calculated using a customized computer program. Two-way mixed ANOVA analysis was conducted separately for each speaker. The dependent measure was 'Identification Accuracy' (i.e., the percentage of correct consonants). The between-group independent factor was 'Group', which represented different familiarization conditions (i.e., Group A; Group B; Group C). The repeated measure was 'Session' and its categories were Session 1, Session 2 -first round, Session 2 -second round, Session 2 -third round, Session 2 -fourth round, and Session 3 (henceforth referred to as Session 1, Session 2-1, Session 2-2, Session 2-3, Session 2-4, and Session 3). The magnitude of difference between means was assessed using an effect size measure, η 2 (generalized eta squared), which provides comparability across between-and within-subject designs [43] . By this method, an effect size of 0.26 is considered large, 0.13 is considered medium, and 0.02 is considered small. Subsequent post hoc analyses were conducted, using a Tukey adjustment method that controls type I error rate and adjusts p values accordingly.
Prior to main analyses, a one-way ANOVA was conducted on Session 1 scores to assure that listeners' base performance before familiarization was equivalent across different experimental groups for a given speaker. The ANOVA results confirmed the uniformity of the experimental groups (Speaker 1, p = 0.272; Speaker 2, p = 0.172; Speaker 3, p = 0.205; Speaker 4, p = 0.265). Figure 1 illustrates the mean scores of each session for the three experimental groups. Each panel represents a speaker. For all speakers, all three experimental groups showed higher Session 2 scores than Session 1 scores. The intelligibility scores decreased in Session 3 compared to Session 2, but they were still higher than Session 1 scores for all experimental groups across all speakers. In addition, listeners in Group B (active familiarization) exhibited higher scores compared to Group A (passive familiarization) and Group C (controls) in all of the Session 2 rounds and Session 3 for all speakers. To summarize, the key pattern was that Group B exhibited a significant increase in consonant intelligibility scores from Session 1 to Session 2-1, but Group A reached a significant increase at later sessions such as Session 2-2 or Session 2-3, while Group C showed its first improvement at Session 2-3 or no significant increase at all.
Results
Discussion
This study examined the effect of familiarization on naïve listeners' consonant intelligibility in dysarthric speech. We compared three familiarization conditions (i.e., active vs. passive vs. no explicit familiarization conditions) and found that in all three conditions, naïve listeners' ability to identify consonants improved over time: i.e., the effect of Session was significant and its effect size (the magnitude of difference) was medium to large for all speakers. We further found that the active familiarization method had an advantage over both passive familiarization and no explicit familiarization conditions. The advantage was manifested in terms of two aspects: the mag- nitude and the rapidness of improvement. First, for all speakers, listeners in the active familiarization condition exhibited higher consonant intelligibility scores compared to the other two conditions in all of the Session 2 rounds. In addition, except for one speaker, we found a significant Group × Session interaction. The most notable pattern was that consonant intelligibility scores on Session 1 (pre-familiarization) and Session 2-1 (the very first round after familiarization) were significantly different only for Group B. That is, while the other groups reached significant increases at a later session or no improvement at all, listeners in active familiarization significantly improved their ability to identify consonants as early as right after the first familiarization, highlighting the importance of a written transcript inclusion especially for the efficiency of familiarization.
It is worth noting that although the effect was smaller compared to the active and passive conditions, the no-explicit-familiarization group showed improvements in consonant intelligibility for some speakers, similar to the finding by Hustad and Cahill [4] that mere repetitive experience with dysarthric speech might serve as a simple, yet practical way of intelligibility improvement. As in Hustad and Cahill [4] , it is undetermined how much of the observed improvement reflects the true learning effect due to familiarization with the speech or the mere practice effect due to familiarization to experimental tasks. The key finding in this study is that the additional effect in passive and active conditions, compared to the no-explicit-familiarization condition, can be attributed to the extra conditions, i.e., the familiarization phases that listeners had in the passive and active conditions.
Regarding the long-term effects of familiarization, we found that familiarization-induced intelligibility enhancement is retained 1 month after familiarization at least to some degree, similar to previous findings in dysarthric speech [2] , synthetic speech [20, 37] , and nonnative speech [35] . Studies differ in terms of the exact length of a delayed period, ranging from 12 h to 6 months, but findings all support the claim that perceptual learning is not a temporary adjustment but rather a long-lasting effect [3] . It should also be noted that in the current study, the long-term advantage of an active familiarization condition over other conditions was present only for Speaker 4. The active familiarization condition in this study involved more overt experiences of the speech compared to the passive and mere repetition, in that it had a written transcription alongside the audio signal. However, the protocol did not use any explicit method that promotes listeners to attune to specific phonetic or phonological features [44] . It is possible that more explicit experience of segmental features might yield a maximal learning effect both in the short and long term. More work is needed to investigate what factors influence the longevity of perceptual learning.
Last, several points are worth noting regarding Speaker 3. Listeners showed the least amount of improvement among the speakers examined in this study, and the active familiarization was only as effective as other methods as evidenced by the lack of a significant interaction between Group and Session. Given that perceptual learning is expected to be influenced by acoustic regularities in atypical patterns [3] and/or the nature of acoustic deviances [45] , future studies should seek to discover what aspects of the signal (e.g., phonological categories, regularities of acoustic deviances, and the degree of deviances) determine the magnitude of familiarization effects.
This study extends support for segmental benefits of familiarization in dysarthric speech [2, 6, 7] and in other types of atypical speech [18, [35] [36] [37] [38] [39] . By basing our analysis on consonant identification tasks rather than word transcription tasks, this study provides conclusive evidence for segmental benefits in perceptual learning in dysarthric speech and supports the previous speculation that use of orthographic transcripts has a beneficial effect on segmental level performance by enabling listeners to adjust the mapping between acoustic-phonetic information and the phonemic representation in the language [6, 39] . From the clinical perspective, the current study highlights the potential of using familiarization as a listener-oriented intervention technique for dysarthria management. Given the consistent finding of familiarization-induced intelligibility improvement in the field, future studies should be directed towards developing an optimal familiarization method in dysarthria. This requires researchers to explore what information could and should be cultivated during familiarization training so that the resulting outcomes will be successful in terms of effectiveness (the amount of improvement), efficiency (rapidness of the improvement), and robustness (stability or longevity of learning). Given the current finding about faster improvement in listeners' consonantal learning in the presence of a written transcript, research must aim to discover what kinds of materials promote phonological learning. An adequate amount of variability is required for perceptual learning to occur, according to the studies in synthesized speech and second-language learning [33, 36] , but exactly how to structure the training materials is still under debate. Two main hypotheses, a traditional minimal-pair approach versus a multiplecue approach, have been tested in second-language learner studies and phonological disorder studies [36, 46, 47] , but they have yet to be studied in the context of perceptual learning in dysarthric speech. Findings will contribute to constructing a standardized format of listeneroriented intervention techniques in dysarthria management.
